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a b s t r a c t
Asphalt components have a signiﬁcant contribution to the fatigue cracking resistance of asphalt mixes. Softer
asphalt binders, characterized through the Superpave grading system, resist fatigue cracking more than stiﬀer
binders. During the long-term aging, the binders’ components changed from lower- to higher-molecular-weight
constituents that increased binders’ stiﬀnesses. Using recycled materials in the mixes increases the stiﬀnesses of
the binders inside these mixes by altering the binders’ components. The binders were extracted and recovered (E
& R) from ﬁeld mixes containing diﬀerent percentages of recycled materials [reclaimed asphalt pavement (RAP)
and recycled asphalt shingles] and binders’ performance grades. The fatigue resistance of the E & R binders was
evaluated using the Superpave fatigue cracking parameter and the number of load repetitions to failure. Thermal
characterization of the E & R binders reﬂected the binders’ thermal degradation based on their components.
The Fourier transform infrared (FTIR) indices were investigated to conﬁrm the changes in the fatigue resistance
and thermal characterization results between diﬀerent binders. The binders E & R from the newest mixes and
contained softer binder showed the highest resistance to fatigue cracking and the lowest onset temperatures.
However, these mixes contained 30% asphalt binder replacement by RAP. The derivative of thermograph for
these binders presented more than one peak; this indicated the existence of the low-molecular-weight fractions
that were responsible for enhancing the fatigue resistance. These binders presented the lowest aging condition
by showing the lowest aromatics, carbonyl, the highest aliphatics, and sulfoxide FTIR indices.

1. Introduction
Fatigue cracking occurs when the pavement is at the end of its life
and the asphalt binders are stiﬀ. The asphalt binders during this period are known as long-term aged asphalt binders. It is a load associated cracking resulted from repetitive loading. The horizontal tensile
strains at the bottom of the pavement layer exceeded the tensile strength
property of the pavement, which caused microcracks [1,2]. These cracks
propagate forming macrocracks that increase in length and width forming the fatigue or alligator cracking [1,3].
Thermogravimetric analysis (TGA) is used to obtain the percentage
increase or decrease in material weight, as a function of time or temperature [4]. It has a variety of applications including thermal characteristics, materials characterization, kinetic studies, corrosion studies,
and compositional analysis [5]. It can be used to identify the diﬀerent
components of multi‐component materials like crumb rubber modiﬁer

∗

[6,7]. The material is heated to high temperatures while the mass loss
due to decomposition is plotted as a function of temperature, which is
called thermograph (TG) [8]. The derivative of the thermograph (DTG)
shows the relationship between samples’ decomposition rates expressed
in the derivative of weight to temperature [d(Weight) / d(T)] and the
temperature [8].
Thermal characterization of asphalt binders depends upon their composition [9,10]. This is achieved by observing the changes that occur to
the onset temperature (Ton ) of the mass loss in the TG curve [9] during
the thermal degradation. Generally, for asphalt binders, the TGs present
three stages [10]: the ﬁrst stage reﬂects a plateau region from the predeﬁned starting heat temperature (e.g. room temperature) until the Ton .
The second region in the TG represents the decrease in weight. The TG’s
third stage represents a steady-state region until the ending heat temperature (end of thermal degradation when no mass loss can be observed)
[10].
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percentages of recycled materials. TGA is a powerful tool to monitor the
changes that occurred within the asphalt binders’ components. These
changes were explored by monitoring the thermal degradation of the E
& R binders: the shape of the DTG and the Ton in the TG. The thermal
characterization depicted the changes between fatigue cracking resistance for diﬀerent binders by exploring the thermal degradation. Furthermore, Fourier transform infrared (FTIR) indices were investigated to
assure the fatigue cracking resistance and thermal characterization results. This was achieved by calculating the aging, aromatics, and aliphatics indices of the E & R asphalt binders. The changes in the binders’
components altered the FTIR indices that aﬀected the thermal degradation and the performance of the binders. Therefore, the relationships
between the FTIR indices and the fatigue cracking resistance or the thermal analysis of the E & R asphalt binders were explored.
2. Materials and methods
2.1. Materials
Diﬀerent ﬁeld samples were collected as cores from diﬀerent routes.
These routes were constructed before 2016. Two sets of cores were collected: the ﬁrst set was collected in 2016 and the second set was gathered in 2019. The youngest of these mixes was four years. Consequently,
the E & R asphalt binders from these samples were treated as long-term
aged binders. These mixes contained RAP, RAS, both, or neither. More
information about these mixes is introduced in Table 1. The mixes’ codes
represented the route name (e.g. US 63), section number (e.g. 2), and
core/coding system (e.g. 2).

Fig. 1. Fatigue cracking resistance of the E & R asphalt binders measured at
22 °C (a) |G∗ |.sin𝛿 and (b) Nf at 2.5% and 5% strain levels.

Conversely, the DTG presented two or three regions based on the
asphalt binder composition. The ﬁrst region where no mass loss was observed represents the occurrence of little physical or chemical reactions.
The [d(Weight) / d(T)] in this region was zero. In the second region,
the thermal degradation started producing volatiles and the [d(Weight)
/ d(T)] decreased slowly. In this region, weak chemical bonds were destroyed and small gaseous were produced. The cracking of molecules
was faster and strong bonds were broken in the third region. The larger
molecules decomposed into smaller molecules in the gas phase. The
[d(Weight) / d(T)] in this region changed to the peak (the lowest value)
and then to zero. After this region, the thermal degradation was too slow
and the remaining component at the end was the coke [11].
The thermal characteristics of the asphalt binders have a relationship with their physical or rheological properties. Nciri et al. [12] investigated the thermal characteristics of the natural and petroleum asphalt binders using TGA. The authors found that the natural asphalt
binder had a lower Ton than the petroleum binder. Thus, this was reﬂected in the physical and rheological properties. Meaning the natural
asphalt had a higher penetration value, lower softening point, and lower
viscosity. Elkashef et al. [13] extracted and recovered (E & R) binders
from reclaimed asphalt pavement (RAP) and mixed them with a performance grade (PG) 58–28 binder or a PG 58–28 binder modiﬁed with
12% soybean-derived rejuvenator, with a ratio of 5:1. The PG of the
RAP binder was 106–10. Contrarily, the PG of the RAP binder plus 12%
modiﬁed PG 58–28 reached the lowest value that was 70–22. Moreover,
the Ton decreased from 316 °C for the RAP binder to 309 °C for the RAP
binder plus 12% modiﬁed PG 58–28. These results reﬂected a relationship between the thermal characteristics and the physical or rheological
properties of the asphalt binders, which need more investigation.
Using recycled materials [e.g. RAP and recycled asphalt shingles
(RAS)] in asphalt mixes aﬀects the stiﬀnesses of the binders included in
these mixes. Additionally, the long-term aging in the ﬁeld changes the
binders’ constituents from lower- to higher-molecular-weight fractions.
This alters the binders’ components that aﬀect the fatigue cracking resistance and the thermal characteristics of these binders. Consequently,
the main objective of this study was to explore the fatigue cracking resistance of E & R asphalt binders from ﬁeld mixes containing diﬀerent

2.2. Methods
2.2.1. Extraction of asphalt binders from ﬁeld asphaltic mixes
The asphalt binders were extracted from the ﬁeld mixes using the
centrifuge extraction process that was performed according to ASTM
D2172 / D2172M-17e1 [14]. This method was discussed as method A.
The trichloroethylene (TCE) solvent was used to dissolve and extract
the asphalt binder from the mixes. A centrifuge extractor model H1460
obtained from Ploog Engineering Co., Inc. (Crown Point, IN, USA) was
used. The mineral matter (dust) was removed from the eﬄuent using a
ﬁlterless centrifuge obtained from Ploog Engineering Co., Inc.
2.2.2. Recovery of asphalt binder from binder-solvent solution
Asphalt binders were recovered from the asphalt binder-solvent solutions using a rotavap. This device was obtained from Cole-Parmer Instrument Co. (Vernon Hills, IL, USA). The procedures for implementing
this experiment were discussed in ASTM D5404 / D5404M-12(2017)
[15].
2.2.3. Fourier transform infrared spectroscopy analysis
Nicolet iS50 FTIR spectrometer obtained from Thermo Fisher Scientiﬁc Co. (Madison, Wisconsin, USA) was used to analyze molecules’
vibrations in the TCE and E & R asphalt binders. Attenuated total reﬂection mode was used by laying the samples on a diamond crystal. The
experimental setup was run using OMNIC 9 software, it was developed
by Thermo Fisher Scientiﬁc Co. by applying 32 scans at a resolution of
4 and using wavenumbers ranging from 4000 to 400 cm−1 .
2.2.4. Evaluating the fatigue cracking resistance for the E & R asphalt
binders
A Dynamic Shear Rheometer (DSR), Anton Paar MCR 302, was used
to evaluate the fatigue cracking resistance of the E & R asphalt binders.
Unfortunately, the virgin binders used in the ﬁeld mixes were not available to compare with the E & R asphalt binders. The E & R binders from
the diﬀerent cores were treated as long-term aged binders; therefore,
asphalt binders’ samples with a 2-mm thickness and an 8-mm diameter
2
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Fig. 2. Relationship between the |G∗ |.sin𝛿 and Nf measured at 22 °C temperature and (a) 2.5% strain & (b) 5% strain.

Table 1
Information of ﬁeld mixes.
No.

Code

Route/Dir

Virgin asphalt PG

Virgin ACa (%)

Total AC (%)

ABRb by RAP (%)

ABR by RAS (%)

NMASc (mm)

Cons.Yeard

Sampling Year

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

US 63–2–2
US 63–2–11
US 50–1–9
US 50–1–4
MO 52–1–6
MO 52–1–9
US 54–7–7
US 54–7–4
US 54–8–6
US 54–8–4
US 54–8–3
MO 151–7
MO 151–5a
MO 151–10a
MO 151–2a
MO 151–11
US 54–12a
US 54–6a
US 54–2a
MO 6–4a
MO 6–5a
MO 6–10a
MO 6–11a
MO 6–8a
MO 94–6a
US 36–10a
US 36–13a
US 36–12a

US
63
SB
US
50
MO
52
US
54
WB
US
54

64–
22
64–
22
64–
22
64–
22
70–
22

4.1

5.6

20

10

12.5

2008

2016

3.8

5

25

0

12.5

2011

3.7

4.8

0

34

12.5

2010

6.2

6.2

0

0

12.5

2003

5.1

5.6

9

0

12.5

2006

MO
151

64–
22

4.7

16

15

12.5

2010

US
54
E
MO
6
W

70–
22

5.7

12

0

12.5

2010

58–
28

5.9

30

0

4.75

2015

64–22
64–
22

5.6
5.1

0
25

0
0

12.5
12.5

2005
2011

a
b
c
d

MO 94
US
36
E

2019

AC: Asphalt Content.
ABR: Asphalt Binder Replacement.
NMAS: Nominal Maximum Aggregate Size.
Construction year.

were analyzed. Two diﬀerent samples were tested for each E & R asphalt
binder and the average results were analyzed.
The Superpave fatigue cracking parameter (|G∗ |.sin𝛿) was calculated
for the E & R asphalt binders at a reference temperature of 22 °C, 1.59 Hz
frequency, and 1% shear strain. The linear amplitude sweep test was
used following the AASHTO TP 101–14 [16]. This test was applied for
asphalt binders E & R from ﬁeld mixes. The test was conducted on the
DSR by applying two stages at 22 °C reference temperature. The ﬁrst
stage was a frequency sweep test applied to evaluate the damage analy-

sis by using a 0.1% strain load over a frequency range between 0.2 and
30 Hz (total of 12 frequencies). At each frequency level, the complex
shear modulus (|G∗ |) and the phase angle (𝛿) values were recorded. The
second stage included the amplitude sweep test that was conducted at a
constant frequency of 10 Hz in a strain-control mode, to avoid accumulated deformation. A linearly increased strain load was applied to accelerate damage from zero to 30% over 3100 loading cycles (10 cycles per
second). The number of load repetitions to failure (Nf ) was calculated
at 2.5 and 5% strain levels.
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Fig. 3. TGs and DTGs for asphalt binders E & R from ﬁeld mixes containing (a) & (b) Neither RAP nor RAS, (c) 34% ABR by RAS, (d) 20–10% ABR by RAP-RAS,
and (e) 16–15% ABR by RAP-RAS.

3. Results and discussion

2.2.5. Thermal analysis of the E & R asphalt binders
The thermal characteristics of the E & R asphalt binders were analyzed using a Discovery TGA 550 model obtained from TA Instruments
(New Castle, DE, USA). The asphalt samples 15–25 mg were heated from
room temperature to 750 °C using a heating rate of 50 °C/min, a highresolution dynamic method, and a nitrogen ﬂow rate of 60 ml/min. The
thermal characteristics were analyzed for the E & R asphalt binders by
monitoring the changes in the Ton of the TG curve and the shape of the
DTG curve during the thermal degradation.

3.1. Fatigue cracking resistance of the E & R asphalt binders
The |G∗ |.sin𝛿 measured at 22 °C for the E & R binders is presented in
Fig. 1-a. The Nf measured at 2.5 & 5% strain levels and 22 °C is shown
in Fig. 1-b. The lowest resistance to fatigue cracking was observed for
the E & R asphalt binders from MO 151 and US 54 mixes. Some E &
R binders from the MO 151 and US 54 mixes showed zero Nf values

4
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Fig. 4. TGs and DTGs for asphalt binders E & R from ﬁeld mixes containing diﬀerent ABR percentages by RAP.

in Fig. 1-b, which represented a failure to fatigue cracking resistance.
Both mixes contained recycled materials and were 9 years old during the
sampling process. Thus, they were considered at the end of pavement
life. However, the asphalt binders E & R from older mixes (MO 94 or US
54–7) showed better fatigue cracking resistance than some binders E &
R from the MO 151 and US 54 mixes because the MO 94 and US 54–7
mixes contained no recycled materials. Moreover, the results presented
in the following sections showed that the FTIR spectrum for the MO 94
E & R binder shows the existence of polystyrene (PS) and polybutadiene
(PB) components. These polymeric components were an indication of
the modiﬁcation to the binder in the MO 94 mix with rubber or styrenebutadiene-styrene (SBS). It was found that using rubber or SBS enhanced
the fatigue cracking resistance of the asphalt binders [6,17]. The US 54

mixes were newer than the US 54–8 mixes by one year at the time of
sampling. Both mixes contained asphalt binders with the same PG (70–
22). However, the asphalt binders E & R from the US 54–8 mixes had
higher resistance to fatigue cracking than the binders E & R from the US
54 mixes. This resulted from the higher percentage of RAP included in
the US 54 mixes. The US 54–8 mixes were older than the US 63–2 mixes
by two years during the sampling process, and the US 54–8 mixes contained stiﬀer asphalt binder (higher PG temperature). Nevertheless, the
binders E & R from the US 54–8 mixes showed higher fatigue cracking
resistance than the binders E & R from the US 63–2 mixes. This occurred
because the US 54–8 mixes contained only 9% ABR by RAP; however,
the US 63–2 mixes contained a higher percentage of recycled materials (30% ABR by RAP-RAS). Consequently, increasing the percentage
5
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Fig. 5. Relationship between the fatigue cracking resistance and thermal characteristics of the E & R asphalt binders.

Fig. 6. FTIR spectra for TCE and E & R asphalt binders from ﬁeld mixes containing RAP and RAS (a) 4000–400 cm−1 and (b) 1000–400 cm−1 .

Fig. 7. FTIR spectra for TCE and E & R asphalt binders from ﬁeld mixes containing ABR percentages by RAP less than 30% (a) 4000–400 cm−1 and (b) 1000–400
cm−1 .

of recycled materials in the mixes deteriorated the fatigue cracking resistance of the E & R binders. Additionally, the binder included in the
US 54–8 was modiﬁed with SBS, which enhanced the fatigue cracking
resistance. The highest resistance to fatigue cracking was recorded for
asphalt binders E & R from the MO 6 mixes. These mixes were only four
years old during the sampling process (the newest mixes).

ples and the second one was that these outliers showed extreme locations from the trendline. A very strong relationship was noted because
the absolute value of the correlation coeﬃcient (|R|) was between 0.8
and 1 [18,19]. The same observation was noted for the relationship between the |G∗ |.sin𝛿 and Nf at 5% strain measured at 22 °C, as illustrated
in Fig. 2-b, for the same E & R asphalt binders. The trendlines in both
ﬁgures show an inverse relationship between the |G∗ |.sin𝛿 and Nf . Decreasing the |G∗ |.sin𝛿 parameter reﬂects higher Nf values and higher
fatigue cracking resistance.

3.2. Relationship between the |G∗ |.sin𝛿 and the Nf values of the E & R
asphalt binders
The relationship between the |G∗ |.sin𝛿 and Nf at 2.5% strain measured at 22 °C is presented in Fig. 2-a for the E & R asphalt binders
from diﬀerent ﬁeld mixes. Outliers were removed from the ﬁgure for
two reasons: the ﬁrst one was that the outliers were related to samples
that presented diﬀerent characteristics when compared to the other sam-

3.3. Thermal characteristics of the E & R asphalt binders
Fig. 3 presents the TGA results for asphalt binders E & R from mixes
containing neither RAP nor RAS, RAS only, and both RAP and RAS.
Fig. 4 presents the TGA results for asphalt binders E & R from mixes
6
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Fig. 8. FTIR spectra for TCE and E & R asphalt binders from ﬁeld mixes containing 30% ABR percentages by RAP (a) 4000–400 cm−1 and (b) 1000–400
cm−1 .

Fig. 10. FTIR spectra for TCE and E & R asphalt binders from ﬁeld mixes containing neither RAP nor RAS (a) 4000–400 cm−1 and (b) 1000–400 cm−1 .

Asphalt binders are colloidal or micellar systems that are composed of asphaltenes suspended in maltenes (petrolenes). The maltenes’
fraction consists of saturates, naphthene aromatics, and polar aromatics (resins) [1]. Puello et al. [10] explored the asphaltenes showing
one peak in the DTG. By contrast, the DTG for the maltenes presented two peaks. During the aging process, the polar aromatics and
asphaltenes components increased. These components represented the
higher-molecular-weight constituents in the binders [20], while the saturates and naphthene aromatics components decreased. This happened
because the naphthene aromatics changed to polar aromatics during aging that were transformed later into asphaltenes [21,22]. The DTGs for
asphalt binders E & R from most ﬁeld mixes presented one large peak.
Contrarily, the DTGs for the E & R asphalt binders from the MO 6 mixes
showed more than one peak. This is evidence of the existence of the
low-molecular-weight components that were responsible for enhancing
the fatigue cracking resistance. This happened because these mixes were
the youngest during the sampling process (only four years). Additionally, these mixes contained asphalt binder with the lowest PG (58–28).
Consequently, the asphalt binders included in the MO 6 mixes were less
aged and did not go completely through the long-term aging process,
which was assured in the following sections using the FTIR quantitative analysis. However, the MO 6 mixes contained one of the highest
percentages of recycled materials (30% ABR by RAP).
Fig. 9. FTIR spectra for TCE and E & R asphalt binders from ﬁeld mixes containing RAS (a) 4000–400 cm−1 and (b) 1000–400 cm−1 .

3.4. Relationship between the thermal characteristics and fatigue cracking
resistance of the E & R asphalt binders
Fig. 5-a reﬂects the relationship between the |G∗ |.sin𝛿 measured at
22 °C and the Ton of the E & R asphalt binders. Outliers were removed
from the ﬁgure. The relationship is moderately strong because the |R|
value was between 0.6 and 0.8 [18,19]. Note that the E & R asphalt
binders with higher Ton had higher |G∗ |.sin𝛿 values (lower resistance to
fatigue cracking). Fig. 5-b presents the relationship between the Ton and
the Nf , measured at 22 °C and 2.5% strain, for the E & R asphalt binders.
Outliers were removed from the ﬁgure. The relationship is moderately
strong because the |R| value was between 0.6 and 0.8 [18,19]. The E &
R asphalt binders with the lowest Ton had the highest Nf values (more
resistance to fatigue cracking). The relationship between the thermal

containing diﬀerent ABR percentages by RAP. The TGA results in both
ﬁgures illustrate the TG and DTG and the TGs present three stages that
were explained in the Introduction. The pattern of thermal degradation
of the E & R asphalt binders was similar. Most DTGs show two regions
(ﬁrst and third regions discussed in the Introduction) as indicated in
Fig. 3-b. After these regions, a slight decrease in the sample’s weight
was observed until the end of the thermal degradation ending with the
coke residue. However, the DTG of the asphalt binders E & R from the
MO 6 mixes presented in Fig. 4-e had a diﬀerent trend: the DTGs show
all three regions discussed in the Introduction.
7
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Fig. 11. Relationships between the |G∗ |.sin𝛿 measured at 22 °C and (a) ICO, (b) ISO, (c) ICC, and (d) ICH of the E & R asphalt binders.

Table 2
Infrared characteristic bands for asphalt binder and TCE.

characteristics and the Nf was stronger than the relationship between
the thermal characteristics and the |G∗ |.sin𝛿 parameter for the E & R
asphalt binders. This reﬂects that the Nf values better characterized the
fatigue cracking resistance than the |G∗ |.sin𝛿. The asphalt binders E &
R from MO 6 mixes showed the lowest Ton and highest fatigue cracking
resistance (the highest Nf and lowest |G∗ |.sin𝛿 values). These mixes were
the youngest during the sampling process (four years). Thus, the DTG for
these binders showed more than two regions because the E & R binders
did not go completely through the long-term aging process.

Asphalt Binder Bands
Band Position (𝐜𝐦−1 )
3800–2700
3100–3000
3000–2850
1750–1730
1700
1600 (1635–1538)
1460 (1538–1399)
1376 (1399–1349)
1300
1030 (1082–980)
900–600
722
TCE Bands
Band Position (𝐜𝐦−1 )
3010–3100
1620–1680
944 and 849
783

3.5. FTIR test results
3.5.1. FTIR qualitative analysis
To ensure no TCE traces in the E & R asphalt binders, the FTIR was
used by comparing the bands of the TCE and the E & R asphalt binders.
Table 2 shows the FTIR characteristic bands for the asphalt binder and
TCE. The spectra of the TCE and E & R asphalt binders from ﬁeld mixes
containing RAP and RAS are presented in Fig. 6. By comparing the spectra of the TCE and E & R asphalt binders, no remaining TCE was observed
in the E & R asphalt binders. This was conﬁrmed because the spectra of
the TCE and the E & R asphalt binders did not share the same peaks
(Fig. 6-a) especially for wavenumbers less than 1000 cm−1 (Fig. 6-b).
The same results are outlined in Fig. 7 for asphalt binders E & R from
mixes containing less than 30% ABR by RAP. Moreover, two new peaks
were detected for the spectra of the asphalt binders E & R from mixes
containing PG 70–22 binders (e.g. US 54–8 and US 54 mixes). These
peaks were observed at 966 and 699 cm−1 , which were related to the
polymeric components of the SBS. The peak at 966 cm−1 was related to
the C–H bending of trans-alkene in the PB [23]. Nevertheless, the peak

Band Assignment
O–H stretching [6,7,25]
C–H stretching for aromatic (sp2 hybrids) [6,7,26,27]
C–H stretching for aliphatic (sp3 hybrids) [6,7,26,27]
C=O stretching in the ester [6,7,26,27]
C=O stretching in the carboxylic acid [6,7,26,27]
C=C stretching vibrations for aromatic [6,7,26]
C–H bending vibrations in CH2 [6,7,26]
C–H bending vibrations in CH3 [6,7,26]
C–O stretching [6,7,27,28]
S=O stretching [6,7,26]
C–H out-of-plane bending vibration [6,7,26]
(CH2 )n rock, n≥4 [6,7,26]
Band Assignment
=C–H stretching in alkene [29]
C=C stretching in alkene [29]
C–Cl stretching in alkyl halide [30]
=C–H bending in alkene [30]

at 699 cm−1 was associated with the out-of-plane bending of the C–H
group in the monosubstituted aromatic ring in the PS [23,24]. No remaining TCE was observed in the E & R binders from mixes containing
30% ABR by RAP and 34% ABR by RAS in Fig. 8 and 9, respectively.
Mixes containing no recycled materials, presented in Fig. 10, showed no
traces of TCE in the E & R asphalt binders. Moreover, the spectrum of
the asphalt binder E & R from the MO 94 mix showed the PB and the PS
polymeric components.
8
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Fig. 12. Relationships between the Nf measured at 2.5% strain and 22 °C and (a) ICO, (b) ISO, (c) ICC, and (d) ICH of the E & R asphalt binders.

3.5.2. FTIR quantitative analysis
Using recycled materials changed the aging condition of the E & R
asphalt binders because the asphalt binders included in these materials
were aged. Additionally, the aged asphalt binders included in the recycled materials altered the E & R binders’ components that changed
the FTIR indices. The relationships between the aging indices (ICO and
ISO) and fatigue cracking resistance or thermal characteristics of the E
& R asphalt binders were discussed in this section. The ICO represented
the aging due to carbonyl (C=O) at 1700 cm−1 and was calculated using Eq. (1). The ISO indicated the aging by the sulfoxide (S=O) at 1030
cm−1 and was estimated by Eq. (2) [7,26,31]. The areas around 1460 and
1376 cm−1 represented the C–H bending vibrations in the CH2 and CH3
aliphatic groups, respectively. These aliphatic groups were not changed
by aging [26]. Furthermore, the C=C stretching in the aromatic index
(ICC) and the C–H bending in the aliphatic index (ICH) were calculated
using Eqs. (3) and (4), respectively [32,33].
𝐼𝐶𝑂 =

Area around 1700 cm−1
Area around 1460 cm−1 + Area around 1376 cm−1

(1)

𝐼𝑆𝑂 =

Area around 1030 cm−1
Area around 1460 cm−1 + Area around 1376 cm−1

(2)

𝐼𝐶𝐶 = ∑

Area around 1600 cm−1
Area around 1460, 1376, 1030, 1700, and 1600 cm−1

(3)

Area around 1460 cm−1 + Area around 1376 cm−1
Area around 1460, 1376, 1030, 1700, and 1600 cm−1

(4)

𝐼𝐶𝐻 = ∑

is presented in Fig. 11-a. A direct relationship was observed. The lowest ICO values were recorded for the asphalt binders E & R from the
newest mixes (MO 6) and the US 54–7 mixes (containing no recycled
materials). However, from Fig. 11-b, an inverse relationship was noted
between the |G∗ |.sin𝛿 and ISO. It was found that the sulfoxide degraded
under certain aging conditions (e.g. high temperatures and long times)
[34–36]. Therefore, the asphalt binders E & R from the newest mixes had
the highest ISO values. The ISO changed with the binder type and aging
condition [37]. Consequently, Ouyang et al. [36] stated that using ISO
as an aging index would lead to confusion. A direct relationship between
the ICC and |G∗ |.sin𝛿 is noted in Fig. 11-c. Nevertheless, an inverse relationship between the ICH and |G∗ |.sin𝛿 is presented in Fig. 11-d. During
the aging process, the aliphatic molecules with lower molecular weight
were converted into aromatics with higher molecular weight. Thus, increasing the aromatics and decreasing the aliphatics reﬂected increasing
viscosity and strength of asphalt binders with more aging process [32].
Accordingly, asphalt binders E & R from MO 6 showed the lowest ICC
and the highest ICH values. The ICC and the |G∗ |.sin𝛿 had the strongest
relationship in Fig. 11. The asphalt binders E & R from the MO 6 mixes
showed the lowest aging indices; these mixes were the youngest during the sampling process (four years old). Contrarily, the highest aging
indices were recorded for the asphalt binders E & R from the MO 151
and US 54 mixes. These mixes were at the end of pavement life during
the sampling process (9 years old), and their E & R binders showed the
lowest fatigue cracking resistance.
Fig. 12 shows the relationships between the FTIR indices and the
Nf values, measured at 22 °C and 2.5% strain, of the E & R asphalt
binders. Outliers were removed from the ﬁgure. It was concluded from
Fig. 2 that there was an inverse relationship between the |G∗ |.sin𝛿 and
the Nf . Consequently, there was a direct relationship between the Nf

Fig. 11 shows the relationships between the FTIR indices and the
|G∗ |.sin𝛿, measured at 22 °C, of the E & R asphalt binders. Outliers were
removed from the ﬁgure. The relationship between the ICO and |G∗ |.sin𝛿
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Fig. 13. Relationships between the thermal characteristics and (a) ICO, (b) ISO, (c) ICC, and (d) ICH of the E & R asphalt binders.

Table 3
Summary of the relationships between the FTIR indices and the fatigue cracking resistance or thermal characteristics of the E & R asphalt binders.
Dependent Variable (y) Independent Variable (x) Regression Model (y = a × x2 + b × x + c) Coeﬃcient of Determination (R2 ) Correlation Coeﬃcient (|R|) Relationship
|G∗ |.sin𝜹
@
22 °C
Nf
@
22 °C
&
2.5%
T
on
strain

ICO
ISO
ICC
ICH
ICO
ISO
ICC
ICH
ICO
ISO
ICC
ICH

y
y
y
y
y
y
y
y
y
y
y
y

=
=
=
=
=
=
=
=
=
=
=
=

289816×2 - 25333x + 7572.9
3E+07×2 - 3E+06x + 82,084
−321434×2 + 372517x – 38,848
617473×2 - 983882x + 398,571
62308×2 - 52571x + 10,517
2E+07×2 - 2E+06x + 29,473
161908×2 - 201284x + 30,313
64441×2 - 43934x + 1859.1
−1109.3×2 + 394.21x + 307.59
−21091×2 + 1202.8x + 324.77
−7092.8×2 + 2393.1x + 139.88
−1915.2×2 + 2642.5x - 568.9

values and the ISO or ICH. Conversely, there was an inverse relationship
between the Nf values and the ICO or ICC. The strongest relationship was
observed between the Nf and ICC.
Fig. 13 presents the relationships between the FTIR indices and the
Ton of the E & R asphalt binders. Outliers were removed from the ﬁgure.
A direct relationship was deduced from Fig. 5-a between the |G∗ |.sin𝛿
and the Ton of the E & R asphalt binders. Therefore, there was a direct
relationship between the Ton of the E & R binders and the ICO or ICC.
On the contrary, there was an inverse relationship between the Ton of
the E & R binders and the ISO or ICH. The strongest relationship was
observed between the Ton of the E & R binders and ICH.

0.58
0.65
0.71
0.55
0.36
0.36
0.51
0.46
0.66
0.56
0.45
0.76

0.76
0.81
0.84
0.74
0.60
0.60
0.71
0.68
0.81
0.75
0.67
0.87

Moderately strong
Very strong
Very strong
Moderately strong
Moderately strong
Moderately strong
Moderately strong
Moderately strong
Very strong
Moderately strong
Moderately strong
Very strong

From the FTIR quantitative analysis, the asphalt binders E & R from
the MO 6 mixes showed the lowest aging indices. This agreed with the fatigue cracking resistance and thermal analysis results. These mixes were
only four years old. Consequently, the binders E & R from these mixes
presented the lowest Ton and the highest fatigue cracking resistance. By
contrast, the binders E & R from the MO 151 and US 54 mixes showed
the highest aging indices, the lowest fatigue cracking resistance, and the
highest Ton . Note that the MO 151 and US 54 mixes contained recycled
materials and were at the end of pavement life during the sampling process. Table 3 presents a summary of the relationships between the FTIR
indices and the fatigue cracking resistance (|G∗ |.sin𝛿 or Nf ) or the ther-
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mal characteristics of the E & R asphalt binders. The relationships were
very to moderately strong.
4. Conclusions and recommendations
In this study, asphalt binders were extracted and recovered (E &
R) from 28 ﬁeld mixes. These mixes contained reclaimed asphalt pavement (RAP), recycled asphalt shingles, both, or neither. Asphalt binders
with diﬀerent performance grades (PGs) were included in these mixes.
The fatigue cracking resistance of the E & R binders was analyzed using the Superpave fatigue cracking parameter (|G∗ |.sin𝛿) and the number of load repetitions to failure (Nf ) at 22 °C reference temperature.
The thermogravimetric analysis (TGA) was used to monitor the thermal
characterization of the E & R asphalt binders by observing the changes
in the thermal degradation. The thermal characterization of the E & R
binders reﬂected the changes that occurred to the binders’ components.
The relationship between the fatigue cracking resistance and the thermal characteristics of these binders was explored. The changes in the
binders’ components were conﬁrmed by exploring the Fourier transform
infrared (FTIR) indices. Based on the results, the following points were
concluded:
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